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INTRODUCTION 
It has been about a decade since one of the authors (HW) used a highly sensitive SQUID 
magnetic gradiometer to measure changes in one direction of magnetic field near a succession of 
1018 steel specimens subjected to stress in a tensile-testing machine [1]. On every trial of every 
specimen a peak was observed in the magnetic field change observed as a function of stress, when 
the stress was about 0.6 of the elastic limit. A later study [2] using a conventional fluxgate 
magnetometer confinned this behavior. While the cause of this sign reversal for the slope of the 
magnetoelastic response (d<l>/do) is not known - perhaps there is a connection to a similar sign 
reversal in the magnetostriction in iron (albeit at a field on the order of a tesla) - the fact that it 
always seemed to occur at a value of stress for which phase slip is initiated, gave hope that this 
magnetic behavior could be used as a marker for the onset of fatigue. Specifically, one could apply 
a vibrational stimulus, e.g., via an acoustic hom, to a steel structural element and observe the phase 
relation between the periodic stimulus and the magnetic response: if the two signals have the same 
phase, that section of the structure being probed is on the low stress side of the magnetoelastic 
peak; for a 180-degree phase relationship, the structure would be on the high stress side. 
A subsequent study [3] used a 3-axis SQUID system capable of measuring each orthogonal 
magnetic field component. It was found that each field component showed a more complex 
magnetoelastic behavior. Peaks and valleys were observed at lower values of stress, although no 
other physical measurements were made to correlate these magnetomechanical anomalies with 
structural changes at the microscopic level. The current study builds on this earlier work in an 
attempt to detennine whether a (superconductive) SQUID magnetic gradiometer can obtain useful 
infonnation on the magnetomechanical behavior of steel and whether such infonnation can be 
effectively utilized as a tool for the NDE of structural steel. 
This and all previous SQUID-based studies have used 4 K low temperature 
superconducting (L TS) SQUIDs, although, over the past 2 to 3 years, there is a new generation of 
high temperature superconducting (HTS) SQUIDs which operate at 77 K. These HTS SQUIDs 
have a sensitivity over a broad frequency range comparable to that for LTS SQUIDs, with the 
attractive feature of having a considerably smaller stand-off distance between the cryogenic sensing 
coil and room temperature. Thus, for an HTS SQUID system, a hand-held sensor is entirely 
possible with a larger signal-to-noise ratio (in comparison to an L TS system). Note that a typical 
4 K commercial SQUID magnetometer is at least three orders of magnitude more sensitive than any 
other fonn of commercial magnetometry. 
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EXPERIMENTAL ARRANGEMENT 
The two key elements in this study are a BTi second-derivative DC SQUID gradiometer 
and a tensile-testing machine (TTM) of relatively ancient vintage. All work was performed at 
INSA de Lyon using a SQUID on loan from the US Air Force. Figure 1 shows a schematic of the 
experimental arrangement. 
The base of the SQUID dewar is typically 8 mm above the center section of a horizontally-
mounted steel specimen. Within the dewar, primary sensing is made by a set of superconducting 
niobium, second-order gradiometer coils, sensitive only to magnetic fields produced by a source 
close to the bottom coil. 
The output electronics unit at room temperature has a 0-10 volt output, with four decades 
of sensitivity. Field changes due to stress were so large that all reported measurements were taken 
on the least sensitive range,with a sensitivity of 87 nTN. With the dewar mounted vertically, the 
SQUID measures only ~<t>z due to changes in the horizontal stress of a specimen. Given the 
closeness of the SQUID dewar, it is assured that the field changes observed are due exclusively to 
changes in the magnetic state within a specimen and not to motion of steel in the TTM. This was 
verified using non-ferrous specimens. Also, because the least sensitive range was utilized, 
absolutely no noise was observable when no changes in strain were being produced. 
The TTM had an electric drive which was unuseable, hence all stress was applied manually 
by turning a handle. While this is not ideal, results were found to be highly reproducible, even with 
different operators turning the handle. Strain was measured by a strain gauge on the surface of each 
sample, while stress was measured by a calibrated strain gauge on a dynamometric ring (simply 
called "stress ring" in Fig. 1). In all measurements both stress-strain (a-E) and change in the 
z-component of the magnetic field vs. strain (~<t>z vs. E) were recorded. The output of the strain 
sensor is fed to the x-axis of two x-y recorders, one of which receives the output of the stress sensor 
on the y-axis, while the y-axis of the other receives the SQUID electronics output. 
x·y 
Recorder 
X-V 
Recorder 
R.I'ltlnee 
Bridge 
y + 
X + SaUID 
X : 
y : 
St,. .. RI"9 
Figure 1. Schematic of experimental arrangement showing SQUID dewar, room-temperature 
electronics and tensile-testing machine. 
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SPECIMENS 
In an effort to test the universability of the magnetic response to stress in steel, several 
specimens were obtained of different composition, thermal history and direction of rolling. 
Measured were specimens of 1018 cold-rolled (US) steel with stress applied either perpendicular or 
parallel to the direction of rolling, and cold-worked and annealed specimens of E24-2 (French) 
steel. With the exception of one circular cross-section 1018 specimen, all were flat with an overall 
"dog-bone" shape. 
RESULTS 
Unannealed E24-2 Specimen 
Figures 2a, and 2b show part of a sequence of 150 cycles of a specimen subjected to 
successively higher maximum stress values, but often with several consecutive cycles taken to 
approximately the same maximum value. 
Figure 2a shows 2 successive cycles (57 left and 58 right) taken to a maximum stress of 
about 180 MPa. This illustrates the reproducibility of detailed structure in the magnetic response to 
stress. Note also the "magnetic noise," not much in evidence for earlier cycles at lower maximum 
stress values. This noise behavior is seen to some degree in all specimens tested, always as higher 
stress levels are attained. It is not clear whether this noise is related strictly to stress level or to 
number of cycles; it may be a function of both. 
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Figure 2a. Magnetomechanical hysteresis for 2 successive cycles of E24-2 specimen, with 
maximum stress of 180 MPa. 
Figure 2b shows 2 successive cycles (148 left and 149 right) taken to a maximum stress of 
about 218 MPa, 91 % of the elastic limit. Again one sees reproducibility from cycle to cycle. On 
the decreasing stress part of each cycle, there is a noticable "bump" at about 65 MPa, seen also in 
the two cycles of Fig. 2a. 
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Annealed E24-2 Specimen 
The specimen used to generate the Fig. 2 curves was subsequently annealed at 870°C for 
30 minutes. Photomicrographs of the surface of this specimen taken both before and after 
annealing revealed an enlargement of grain size and a clustering of point defects at grain boundaries 
after annealing. Figure 3 shows a typical magnetomechanical curve of the annealed specimen, with 
a maximum stress of 174 MPa. The difference in character between Fig. 3 and Fig. 2 curves is 
striking. The annealed specimen has a stronger and smoother magnetic response to stress. 
Furthermore, the pronounced peak in L\CI>z on the lowering of stress occurs at about 65 MPa, the 
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Figure 2b. Magnetomechanical hysteresis for 2 successive cycles of E24-2 specimen, with 
maximum stress of 218 MPa. 
same value of stress for which bumps were seen in Figs. 2a and 2b. It is well known that annealing 
generally makes physical properties more uniform, as would appear in the current situation. 
Additionally, the sharp peak in dCl>JdE may be a signal that phase slip and fatigue are initiated at 
lower values of stress after annealing. 
1018 Specimens 
Important differences are seen in the response to stress for specimens stressed parallel and 
perpendicular to the direction of rolling. Figure 4 shows this graphically for a specimen of each 
(with the same physical dimensions) taken to a maximum value of about 37 MPa. There is a 
greater magnetic response for the "parallel" specimen, true for all values of stress within the elastic 
regime. 
A cylindrical specimen was placed under compression, as well as under tension, with the 
results (including a vs. E) shown in Fig. 5. The striking feature of the magnetomechanical response 
is the relatively large magnetic change for compression. One can understand this by assuming that 
under compression many grains and their related magnetic domains are distorted into a more 
vertical orientation, giving rise to a sizable increase in the vertical component of the magnetic field. 
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Figure 3. Magnetomechanical hysteresis for the E24-2 specimen used to generate Fig. 2, after 
annealing at 870 DC for 30 minutes, with maximum stress of 174 MPa. 
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Figure 4. Magnetomechanical hysteresis for 2 different 1018 specimens, with stress applied 
parallel and perpendicular to the direction of rolling, each with maximum stress of 37 MPa. 
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Figure 5. Stress-strain and magnetomechanical response to compression and tension for a cylindri-
cal 1018 specimen. 
Fatigue Cycling 
A recently published study of the relation between mechanical hysteresis and fatigue [5) 
indicates that the progression of energy loss per cycle (as measured by the area of the hysteresis 
loop) for a fixed maximum stress will provide valuable information on whether the structure under 
test will ultimately fail due to fatigue. Therefore, it seemed desirable to see if a more sensitive 
response could be obtained using a magnetomechanical hysteresis cycle. Although just begun, the 
results obtained so far are encouraging. 
Since the TTM being used required slow manual operation, it was not conducive to tile 
exercise of tens of thousands of uniform cycles in a reasonable period of time. To circumvent this 
problem, an annealed E24-2 steel specimen was taken elsewhere to an automated TTM which 
cycled the specimen at a frequency of I Hz to a maximum stress of 168 MPa (or 0.7 of the elastic 
limit). After 100, 500, 1000, 5000, 10000, 35000 ,!-nd 100000 cycles, the specimen was removed 
and taken back to the manual TTM, where magnetomechanical hysteresis curves were obtained, but 
with maximum stress of only 76 MPa (or about 0.32 of the elastic limit). 
The areas of 8<1>[(1 hysteresis curves obtained after 105 fatigue cycles to 168 MPa, dwarf 
that obtained just prior to the start of fatigue testing, as seen in Fig. 6. The large "closure defect" in 
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Figure 6. Comparison of magnetomechanical hysteresis for annealed E24-2 specimen before and 
after 105 fatigue cycles to 168 MPa, but with maximum stress of only 76 MPa for 
magnetomechanical cycling. 
~<I>z is typical of that obtained in each first magnetomechanical cycle after a large number of 
fatigue cycles. 
Repeated magnetomechanical cycles (without intervening demagnetization) tend to reduce 
this closure defect. Of perhaps more significance is the fact that the hysteresis area and max ~<I>z 
are greater after Io-'i cycles than after 5x 103 cycles. Further, only for the case of 105 cycles, did the 
first subsequent magnetomechanical curve show the pronounced bump (at about 17 MPa) for 
increasing stress. There is not yet enough evidence to determine whether this is a sign of 
impending failure, but continued testing should clarify this possibility. The most encouraging 
feature of these results is that the magnetomechanical hysteresis may, indeed, provide an indication 
of the "health" of a steel structural element. 
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SUMMARY 
The studies carried out so far have not been conclusive in establishing whether the 
unparaIleled sensitivity of SQUID magnetometry can be utilized to produce a practical procedure for 
the NDE of stressed steel structures, although there has been success reported elsewhere on SQUID-
basedNDE of steel in regard to fatigue cracks, corrosion pits and thermally-aged regions [41. The 
current study must be considered a wolk in progress. 
While a totally passive measurement of the magnetic field near a steel structure may be 
useful for detecting cracks, corrosion, welds and possibly undesirable regions of compression, there 
appears to be no totally passive method to determine fatigue or strain. Furthermore, the relation to 
microscopic material behavior of the various magnetic field anomalies observed is not yet known. 
The magnetic (Barlc.hausen) noise observed does seem related to irreversible domain 
reorientation as a result of micromechanical events initiated by increasing stress. The observation of 
this noise may be valuable in predicting structural weakness. This is one observation which appears 
to require the unique sensitivity offered by a SQUID. 
The most encouraging results are those which show a dramatic growth in the area of the 
magnetomechanical hysteresis loop as a function of fatigue cycling. This subject will be pursued 
vigorously. It is possible that the large hysteresis areas may be measurable by less sensitive 
magnetometers, and it is hoped that other investigators will attempt to implement such an effort. 
However, if the growth of magnetomechanical hysteresis proves an important indicator of impending 
failure, then it probably will require a small, localized mechanical stimulus in conjunction with a 
SQUID magnetometer to determine in situ the state of stress of an in-service structure. 
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